Xer site-specific recombination at cer and psi converts bacterial plasmid multimers into monomers so that they can be efficiently segregated to both daughter cells at cell division. Recombination is catalysed by the XerC and XerD recombinases acting at ∼30 bp core sites, and is regulated by the action of accessory proteins bound to accessory DNA sequences adjacent to the core sites. Recombination normally occurs only between sites in direct repeat in a negatively supercoiled circular DNA molecule, and yields two circular products linked together in a right-handed four-node catenane with antiparallel sites. These and other topological results are explained by a model in which the accessory DNA sequences are interwrapped around the accessory proteins, trapping three negative supercoils so that strand exchange by the XerC and XerD yields the observed four-node catenane.
Introduction to site-specific recombination and topology
Site-specific recombination performs a wide range of biological functions in micro-organisms including bacteriophage integration and excision, gene regulation by DNA inversion, resolution of transposition intermediates, and converting chromosome and plasmid dimers produced by homologous recombination back into monomers [1] . Sitespecific recombination is mediated by specialized enzymes belonging to either the tyrosine or the serine family of sitespecific recombinases [2] . These proteins act as tetramers to bring together two recombination core sites of approximately 30 bp; they then cleave the DNA at precise positions within the core sites, rearrange the cleaved ends and rejoin them in a recombinant configuration (Figure 1 ). Serine recombinases use a catalytic serine residue to cleave all four strands in both sites at the same time and bring about recombination by a subunit rotation mechanism ( Figure 1A ). Tyrosine recombinases use a tyrosine residue to cleave the DNA, and exchange strands in a pairwise fashion to first form and then resolve a Holliday junction intermediate ( Figure 1B ). Recombination sites generally have a left-to-right polarity that is conserved during recombination so that, after cleavage, the left-hand half of each site is rejoined to the right-hand half of the other. Two sites in opposite orientations (headto-head or 'inverted repeat') in a DNA molecule therefore recombine to invert the sequence between them ( Figure 1C ), whereas sites in direct repeat (head-to-tail) in a circular DNA molecule recombine to produce two smaller circular products in a 'resolution' or 'deletion' reaction ( Figure 1C ). In the reverse of this reaction, recombination between sites Key words: catenane, DNA topology, knot, site-specific recombination, tyrosine recombinase, Xer. 1 email Sean.Colloms@glasgow.ac.uk on separate circles fuses them together into a single larger circle ( Figure 1C ).
The products of site-specific recombination on circular molecules are often knots and catenanes, where a knot is a single knotted circle and a catenane consists of two interlinked circles. The topology of these products can be highly informative about the recombination mechanism [3] . The topology of knots and catenanes can be described by the number of topological nodes that they contain, i.e. the number of times one segment of DNA passes over another in the simplest possible planar representation. This 'minimal crossing number' is a topological invariant of the knot or catenane; it can only be changed by making a double-strand break in the DNA at one or more positions, for instance using a topoisomerase or a recombinase. DNA knots and catenanes migrate in agarose gels according to their node number; molecules with higher topological complexity are more compact and migrate more quickly [4] . Additional topological information about the specific knot or catenane type can be provided by electron microscopy of RecA-coated DNA [5] .
In the present review, the topological changes associated with plasmid-monomerizing Xer site-specific recombination are summarized together with further topological results that shed light on the mechanism and regulation of this system.
Xer recombination systems
Most, if not all, bacterial species with circular chromosomes use site-specific recombination to resolve chromosomal dimers formed by recA-dependent repair of collapsed replication forks [6, 7] . In Escherichia coli, chromosome dimers are resolved to monomers by a pair of recombinase proteins (XerC and XerD) acting at a 28 bp dif site in the terminus region of the chromosome. XerC and XerD act as a heterotetramer on a pair of dif sites with one half of each dif site bound by XerC and the other half by XerD. The topology of this process is discussed further by Grainge [7a] in this issue of Biochemical Society Transactions. XerC and XerD also act at recombination sites found in naturally occurring multicopy plasmids such as cer in ColE1 and psi in pSC101 [8, 9] . Multimerization of these plasmids by homologous recombination reduces the number of independently segregating plasmids and leads to segregational instability [10, 11] . Xer recombination at cer and psi restores any plasmid multimers to monomers and thus ensures stable plasmid inheritance. The complete Xer recombination reaction has been reconstituted in vitro using purified proteins and plasmid recombination substrates [12] .
Remarkably, the Xer recombination system senses the topological connectivity between two sites such that they recombine only if they are directly repeated on the same DNA molecule [13] . Sites on separate DNA molecules or in inverted repeat on the same DNA molecule do not recombine. This topological selectivity ensures that multimers are resolved, but not formed by Xer recombination, and is brought about by accessory proteins binding to accessory DNA sequences to one side of the dif -like recombination cores of cer and psi ( Figure 2A ). The accessory sequences are 150-180 bp in length and are bound by PepA and ArgR in the case of cer, or PepA and ArcA in the case of psi [14] [15] [16] [17] (Figure 2A ). PepA is an aminopeptidase that is also a DNA-binding protein [18] , whereas ArcA and ArgR are transcriptional regulators that bind to specific DNA sequences in response to environmental signals [19, 20] . Accessory proteins and sequences are essential for recombination at cer and psi; XerC and XerD recombinases bind to the dif -like cores of these sites in the absence of accessory proteins and sequences, but are not competent for strand cleavage or exchange in their absence.
For many site-specific recombination systems (e.g. bacteriophage λ integrase [21] ), a random number of supercoils are trapped when the recombination sites are brought together by the recombinase. These supercoils are converted into knotting or catenation nodes by recombination, leading to products with highly variable topology (Figures 1E and 2B) . Recombination between sites in inverted repeat yields a mixture of torus knots with odd numbers of nodes, whereas recombination between sites in direct repeat yields even- catenane that can be observed by electron microscopy after coating the DNA with RecA (left) or by gel electrophoresis after nicking with DNase I to remove all supercoiling (right). A circular DNA molecule containing directly repeated λ attP and attB sites and directly repeated psi sites was recombined either with λ integrase (λ Int; yielding catenanes with four, six, eight, ten or 12 nodes) or with PepA, ArcA, XerC and XerD (Xer; yielding four-node catenane). In these gels, catenanes migrate according to the number of topological nodes in the DNA as indicated. Over-digestion with DNase I produces a small amount of unlinked circles in the Xer reaction. (C) The topology of Xer recombination between direct repeat sites can be explained by a model in which accessory sequences wrap around accessory proteins trapping three right-handed crossings. Strand exchange via a Holliday junction produces the observed four-node catenane. Accessory sequences are shown as green lines, PepA hexamers are shown as blue circles, ArcA or ArgR is shown as a red circle; XerC is shown as pink ovals, XerD is shown as cyan ovals. Core sites to which XerC and XerD bind are pink and blue respectively. numbered torus catenanes ( Figures 1D and 1E ). In contrast, plasmid-monomerizing Xer recombination yields products with a specific topology [13] . Recombination at psi produces four-node catenanes, in which the two component circles are wrapped around each other exactly four times ( Figures 1D  and 2B ), and recombination at cer produces the equivalent structure containing a Holliday junction [13] . These fournode catenanes have a specific topology; the two circles are wrapped around each other in a right-handed fashion, and the sites in the two product rings have opposite (antiparallel) orientations around the catenane ( Figure 1D ).
The topological filter mechanism
The topological specificity of the Xer recombination system (the fact that it produces catenanes with a single topology) and its topological selectivity (the fact that it recombines sites only if they are in direct repeat) can be explained by an elegantly simple 'topological filter' model ( Figure 2C ). This model proposes that the recombinases can only initiate strand exchange if they are activated by the formation of a specific synaptic structure formed by wrapping the accessory sequences of two recombination sites a fixed number of times in a right-handed plectoneme around the accessory proteins.
Formation of this right-handed synapse will be strongly favoured by negative supercoiling in a DNA molecule with directly repeated sites. In contrast, formation of a right-handed interwrapped synapse is highly unfavourable if the sites are in inverted repeat or on two separate DNA molecules, as this would require the introduction of energetically costly left-handed interwrapping elsewhere in the molecule. The requirement for a right-handed interwrapped synapse therefore ensures that only sites in the correct direct repeat configuration can recombine. As strand exchange takes place with a fixed geometry in a synapse with a defined structure, reaction products have a fixed topology ( Figure 2C) .
The result that Xer recombination at cer and psi produces a right-handed four-node product with antiparallel sites was analysed mathematically using a method called tangle analysis [22] . Under a set of biologically reasonable assumptions for the strand-exchange mechanism, it was proved that there are only three possible topological pathways to produce the observed right-handed four-node catenane. These solutions imply that there are three, four or five right-handed crossings trapped by synapsis of the core sites, and that strand exchange respectively adds one negative crossing, adds no further crossings, or removes one crossing (Supplementary Figure S1 at http://www.biochemsoctrans. org/bst/041/bst0410589add.htm). These distinct mathematical solutions can be unified into a single three-dimensional model for the recombination reaction that can appear like any of the three mathematical solutions depending on the angle from which it is viewed [22] .
Further evidence for the topology of Xer recombination at psi came from studies of recombination on knots and catenanes [23] . Although intermolecular recombination between psi sites on separate DNA molecules does not normally occur, psi sites on separate circles of a torus catenane with six or more crossings do recombine efficiently. Recombination fuses the two circles into a knot and adds one additional topological node (Supplementary Figure S2 at http://www.biochemsoctrans.org/bst/041/ bst0410589add.htm). Similarly, recombination was efficient between psi sites in inverted repeat on torus knots with five or more nodes, and again recombination added one topological node (Supplementary Figure S2) . These results are fully consistent with the three-dimensional model proposed for Xer recombination at psi, with (viewed from one angle) three nodes trapped by interwrapping of the accessory sequences and one node added by recombination [22a,22b] ( Figure 2C and Supplementary Figure S2) .
Further evidence for an interwrapped synapse
Direct evidence for the formation of an interwrapped structure formed between cer accessory sequences and proteins comes from several additional experimental approaches. When the two ends of a linear fragment are joined together using DNA ligase, the majority of molecules form unknotted circles. However, if the DNA molecule contains two cer sites, and PepA and ArgR are added before circularization, the resulting products are highly knotted [16] . The knots produced are just as expected if the sites wrap around each other and the accessory sequences three times; threeand five-node torus knots are formed if the sites are in inverted repeat, whereas five-and six-node twist knots are formed if the sites are in direct repeat (Supplementary Figure S3 at http://www.biochemsoctrans.org/bst/041/ bst0410589add.htm). Relaxation of a circular plasmid containing two cer sites in direct repeat in the presence of PepA and ArgR showed that the synaptic complex formed on circular DNA traps approximately three negative supercoils that cannot be relaxed by topoisomerase [16] . Finally, DNase I footprinting on a linear DNA fragment containing two cer sites shows that PepA and ArgR bind to cer DNA sequences and distort the DNA [16] .
PepA, ArgR and cer or psi accessory sequences can also impose topological specificity and selectivity on a heterologous recombination system. The Cre recombinase normally recombines loxP sites whether they are in direct or inverted repeat, or are on separate DNA molecules, and recombination yields products with variable topology [24, 25] . However, when loxP sites were placed adjacent to cer or psi accessory sequences, the major product in the presence of PepA and ArgR/ArcA was four-node catenane [26] . In fact, PepA on its own was sufficient to change the topology of Cre recombination so that it produced four-node catenane, demonstrating that PepA is the major architect of the interwrapped synapse.
Although wild-type Cre does not require accessory proteins or sequences, mutants of Cre that required PepA and accessory sequences for recombination could be selected. This dependence on cer or psi accessory sequences and proteins was sufficient to produce a system with topological selectivity and specificity; the product of recombination was four-node catenanes, and recombination was exclusively intramolecular and required direct repeat sites [26] . The Cre and Xer recombinases are only distantly related, so it therefore seems unlikely that direct protein-protein interactions between PepA and Cre are involved in activating Cre, implying that accessory proteins and sequences can activate recombination simply by providing 'molecular glue' to help synapse core sites for recombination.
Experiments have been carried out in which the orientation of the loxP site or the natural psi core site were flipped with respect to the accessory sequences [27, 28] . In both cases, the accessory proteins and sequences dictated the order of strand exchange so that the recombinase monomers closest to the accessory sequences exchanged strands first to produce the Holliday junction intermediate. This result implies that the accessory factors precisely define the way in which the core sites and recombinase tetramer comes together, and that the C-terminal face of the catalytic tetramer is oriented towards the accessory sequences (Figure 3 ).
Structure and function of the synapse
The topology of the recombination reaction and the other topological data described above demonstrate unequivocally that accessory proteins and sequences regulate Xer recombination by forming an interwrapped synapse trapping approximately three negative supercoils. However, two questions remain to be answered. What is the precise molecular structure of the synapse formed by accessory proteins and sequences, and how does its formation activate the recombinases? One clue to the structure of the synapse comes from the X-ray crystal structure of the hexameric PepA protein [29] . This structure reveals three grooves, each large enough to accommodate a DNA double helix, oriented around the three-fold symmetry axis of the protein in a way that would interwrap bound DNA segments in a right-handed plectoneme. Further information on the way in which PepA binds DNA was provided by mutants that were defective in Xer recombination and DNA binding, but retained peptidase activity. This led to the identification of a path of positively charged residues on the surface of PepA to which DNA could bind as it exits the proposed DNAbinding grooves [30] . Together, these data allowed molecular models to be built showing how two hexamers of PepA and one hexamer of ArgR could bind to the accessory sequences [29] sandwiched around one hexamer of ArgR (red) [37] . The XerC-XerD tetramer is represented by the crystal structure of the Cre tetramer [38] , with monomers coloured pink to represent XerC and cyan to represent XerD. Wrapping of the accessory sequences around PepA and ArgR brings the core sites (the XerC binding site is magenta; the XerD binding site is blue) together for synapsis by the recombinase tetramer. The C-terminal domains (CTDs) of XerC and XerD face towards PepA and accessory sequences, whereas the N-terminal domains (NTDs) face away. Positions of mutations in the NTD of PepA that reduce or abolish Xer recombination are coloured orange; those in the putative DNA-binding groove are coloured yellow.
of two cer sites, wrapping them around each other three times and bringing the core sites together in an antiparallel fashion for recombination by the XerC and XerD recombinases [30] (Figure 3 ). Recombination in this complex would be fully consistent with the observed topology of recombination on circular, knotted and catenated substrates. The model is supported by atomic force microscopy which shows two cer sites bound by two hexamers of PepA [31] . However, further structural work is needed to elucidate the details of the molecular interactions between PepA and DNA.
The mechanism by which the accessory proteins and sequences regulate the recombinases remains less clear. The fact that cer or psi accessory factors can regulate Cre shows that it is possible to construct a system with topological selectivity and specificity without direct contacts between accessory proteins and the recombinase. However, this does not rule out the possibility that such interactions are present and important in the regulation of XerC and XerD in the natural systems, and further experiments are required to look for any such interactions.
Concluding remarks
Intramolecular selectivity is imposed on Xer recombination by the requirement for a plectonemically interwrapped complex trapping approximately three negative supercoils. This complex is defined by PepA and other accessory proteins binding to recombination site accessory sequences. Remarkably, structures with almost identical topologies, but built from completely different proteins and DNA sequences, are used to ensure intramolecular selectivity on a number of other site-specific recombination reactions including those catalysed by the serine recombinases Sin and Tn3/γ δ resolvases as well as the tyrosine resolvase from Tn4430 [32, 33] . Similar topological principles are used to ensure that only sites in inverted repeat are used by DNA invertases such as Gin and Hin, and by Mu transposase [34] [35] [36] . Similar interwrapped complexes could, in principle, also be used to control interactions between regulatory proteins involved in transcriptional regulation in eukaryotes, and this may be a fruitful area for future topological investigations.
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Figure S1
Three topological pathways produce the right-handed four-node ( − 4A) catenane with antiparallel sites The left-hand column shows the topology before strand exchange, the right-hand column shows the topology after strand exchange. The DNA within the magenta circle is bound by the recombinase protein and is the only region that is changed during the reaction. In tangle analysis, the DNA within the magenta circle is referred to as the P (parental) tangle before strand exchange and the R (recombinant) tangle after strand exchange. The blue box contains all of the interesting topology not changed by the recombinases and is referred to as the outside tangle (O). In this diagram, the outside tangle can be thought of as containing all of the DNA wrapping around the accessory proteins. Three Recombination between parallel core sites (P = 0) introduces one negative crossing (R = −1). Any knotting and catenation nodes not bound by the accessory proteins (O f for outside free) are shown boxed in orange. Recombination on a torus knot with 2n + 1 nodes produces a knot with 2n + 2 nodes; recombination on torus catenane with 2n nodes produces a knot with 2n + 1 nodes. The upper row shows the five-node torus knot 5 1 producing a six-node knot 6 2. The lower row shows the six-node torus catenane producing a seven-node knot 7 4 .
